The objective of this study was to evaluate the role of ␤-adrenergic receptors in modulating associative long-term potentiation (LTP) induced at CA1 synapses. Two independent Schaffer collateral pathways were stimulated in hippocampal slices. The field EPSP (fEPSP) response evoked in one pathway (the weak pathway) was small, whereas a large response, usually 80 -90% of the maximum, was evoked in the strong pathway. After recording of the baseline fEPSP evoked at 0.033 Hz, LTP of the weak pathway could be associatively induced by paired stimulation of the weak and strong pathways 100 times at 6 sec intervals, with stimulation of the weak pathway preceded 3-10 msec. However, pairing protocols with an interval between stimulation of the two pathways Ͼ10 msec resulted in no LTP. The induced LTP was NMDA receptor dependent, because 50 M D,L-APV blocked its induction. Bath application of 1 M isoproterenol enhanced LTP by increasing the window of the stimulation interval up to 15 msec but did not affect the magnitude of the LTP induced by pairing protocols with intervals Ͻ10 msec. Similar results were obtained when the experiments were repeated using whole-cell recording. These results suggest that activation of ␤-adrenergic receptors can enhance associative LTP by increasing the width of the time window rather than the magnitude of the LTP. Enhancement of LTP by ␤-adrenergic receptors was blocked in slices by pretreatment with inhibitors of protein kinase A or mitogen-activated protein kinase, suggesting that these signaling cascades are involved in this process.
Introduction
Long-term potentiation (LTP) is a use-dependent change in synaptic efficacy that has long been considered as the cellular mechanism underlying memory storage in the brain (Bliss and Collingridge, 1993; Malenka and Nicoll, 1999) . LTP can be induced using two distinct stimulation paradigms. Homosynaptic LTP can be induced using brief high-frequency stimulation (Bliss and Lomo, 1973) , whereas associative LTP can be induced by simultaneously pairing presynaptic stimulation at low frequency with postsynaptic activity, including depolarization of the postsynaptic membrane (Gustafsson et al., 1987) , the backpropagating action potential of postsynaptic neurons (Magee and Johnston, 1997; Markram et al., 1997; Bi and Poo, 1998; Feldman, 2000) , and activity produced by other synaptic inputs (Levy and Steward, 1983; Kanter and Haberly, 1993) . Associatively induced synaptic plasticity is of particular interest, because it is consistent with the simple learning rule originally suggested by Hebb (1949) that synaptic strength increases when there is conjunctive presynaptic and postsynaptic activity. Furthermore, it is also consistent with the concept that the precise timing between presynaptic and postsynaptic activities may be used to encode information in neural networks (Hopfield, 1995; Rieke et al., 1997) .
At hippocampal CA1 synapses, induction of both homosynaptic and associative LTPs requires activation of the NMDA subtype glutamate receptor, which, in turn, activates many downstream molecules required for LTP induction (for review, see Roberson et al., 1996) . Although LTP induction is dependent on the activation of NMDA receptors, several modulating transmitters, such as adrenergic, cholinergic, and dopaminergic transmitters, in the CNS can modulate its induction. This may be attributable to the fact that signaling cascades activated by modulating transmitter systems often regulate the activity and function of downstream molecules after NMDA receptor activation during LTP induction. For example, it has been reported that the homosynaptic LTP induced at CA1 synapses can be enhanced by stimulation of ␤-adrenergic receptors (Katsuki et al., 1997; Winder et al., 1999; Yang et al., 2002a) , muscarinic receptors (Blitzer et al., 1990; Huerta and Lisman, 1993) , and D 1 /D 5 receptors (Otmakhova and Lisman, 1996) . However, the effect of these modulating systems on the associative LTP has received less attention. The goal of the present study was to address this issue.
Parts of this paper have been published previously in abstract form (Yang et al., 2002b) .
Materials and Methods
The use of animals in this study was in accordance with the guidelines of the local ethical committee for animal research. Male Sprague Dawley rats aged 25-35 d were anesthetized with halothane and decapitated. The brains were quickly removed and placed in ice-cold artificial CSF (ACSF) containing the following (mM): 119 NaCl, 2.5 KCl, 26.2 NaHCO 3 , 1 NaH 2 PO 4 , 1.3 MgSO 4 , 2.5 CaCl 2 , and 11 glucose (the pH was adjusted to 7.4 by gassing with 5% CO 2 -95% O 2 ). Transverse hippocampal slices (450 m thick) were cut with a vibrating tissue slicer (Campden Instruments, Loughborough, UK) and transferred to an interfacetype holding chamber at room temperature (27°C). The slices were allowed to recover for at least 90 min and then were transferred to an immersion-type recording chamber, perfused at 2 ml/min with ACSF containing 0.1 mM picrotoxin at 30 -31°C. To prevent epileptiform discharge of pyramidal neurons, a cut was made at the border between the CA1 and CA3 areas.
For extracellular field potential recording, a glass pipette filled with 3 M NaCl was positioned in the stratum radiatum of the CAl area, and the field EPSP (fEPSP) was recorded. Two bipolar stainless steel electrodes (Frederick Haer Company, Bowdoinham, ME) were placed in the stratum radiatum on opposite sides of the recording pipette to stimulate two separate Schaffer collateral branches. In one pathway, fEPSP was elicited by adjusting the intensity of stimulation to ϳ30% of that at which population spikes after fEPSP began to appear; this pathway will be referred to as the "weak" pathway. In the other pathway (the "strong" pathway), the stimulating intensity was adjusted so that 80 -90% of the maximal response was elicited. Stable baseline fEPSP activity of the weak pathway was recorded by applying a short-duration voltage pulse (Ͻ1 msec) at the determined intensity every 30 sec for at least 10 min. Associative LTP of the weak pathway was then induced by paired stimulation of the weak and strong pathway every 6 sec for 10 min. During the pairing protocol, the delivery of weak stimulation preceded that of strong stimulation by several milliseconds. fEPSP activity of the weak pathway was then elicited by stimulation every 30 sec for an additional 30 min.
For whole-cell recording, patch pipettes were filled with the following (in mM): 116 potassium gluconate, 6 KCl, 2 NaCl, 30 HEPES, 0.5 EGTA, 4 Mg-ATP, and 0.3 Na-GTP (the pH was adjusted to 7.2 with KOH and the osmolarity to 295 mOsm). Recordings were made from pyramidal cells using the blind patch technique (Blanton et al., 1989) . The amplifier (Axopatch-1D; Axon Instruments, Foster City, CA) was switched to current-clamp mode once whole-cell recording was obtained, and the V m was held at approximately Ϫ65 mV during recording. A bipolar stainless steel electrode was placed in the stratum radiatum to elicit an EPSP at 0.1 Hz. After a period of stable baseline recording, LTP was induced by pairing an EPSP with a single postsynaptic spike evoked by injection of a 1 msec current pulse every 6 sec for 10 min. During the pairing protocol, the evoking of the EPSP preceded the postsynaptic spike by several milliseconds. EPSP activity was then elicited at 0.1 Hz for an additional 30 min. The serial resistance and input resistance were monitored throughout the recording period by applying a 100 msec negative current pulse of 20 -50 pA at 0.1 Hz. Recording was stopped, and the data were discarded if the serial resistance or input resistance varied Ͼ30% from the original values during the experiment.
All signals were filtered at 2 kHz using the low-pass Bessel filter provided with the amplifier (Axopatch-1D) and digitized at 5 kHz using a CED micro 1401 interface running Signal software (Cambridge Electronic Design, Cambridge, UK). All drugs were bath applied and were purchased from Sigma (St. Louis, MO), except for APV, timolol, PD98059, and U0126, which were from Tocris-Cookson (Bristol, UK). The initial slopes of the fEPSP and the peak amplitude of the EPSP were measured for data analysis. Synaptic responses were normalized to the average of the values measured over the baseline period. The average size of the slope of the fEPSPs or the peak amplitude of the EPSP recorded between 25 and 30 min after the end of the pairing protocol was used for statistical comparisons. All data are presented as the mean Ϯ SEM and were compared using the paired t test or one-way ANOVA test. The criterion for significance was p Ͻ 0.05.
Results
The associative LTP can be induced at CA1 synapses in the hippocampus After a stable period of baseline recording (10 min), LTP of the weak pathway could be induced by pairing weak pathway stimulation with strong pathway stimulation, the former preceding the latter by 3 msec (LTP, 181 Ϯ 21% of baseline; n ϭ 8; p Ͻ 0.01; paired t test) (Fig. 1 A) . This configuration of stimulation of the weak pathway preceding stimulation of the strong pathway was used in all the pairing protocols described hereafter. LTP of the weak pathway could also be induced by a pairing protocol in which the interval between the weak and strong pathways was 10 msec (206 Ϯ 9% of baseline; n ϭ 8; p Ͻ 0.01; paired t test) (Fig.  1 B) . When the interval was increased to 15 or 30 msec, no LTP was seen (15 msec, 108 Ϯ 9% of baseline, n ϭ 8, p ϭ 0.13, paired t test; 30 msec, 107 Ϯ 16% of baseline, n ϭ 8, p ϭ 0.7, paired t test) (Fig. 1C,D) . Figure 2 summarizes the results obtained from the experiments in this series. As can be seen, for an associative LTP to be successfully induced at the weak pathway, the interval between stimulation of the weak and strong pathways had to be between 3 and 10 msec.
The LTP induced by these pairing protocols is associative and NMDA receptor dependent Because the intensity for the strong pathway stimulation was adjusted to elicit 80 -90% of the maximal synaptic response, it is very likely that the fibers of the Schaffer collateral branch recruited may overlap some fibers that were also recruited by weak stimulation, and the LTP induced in Figure 1 , A and B, could be homosynaptic rather than associative. This possibility could be ruled out on the basis of the following observations. First, no LTP was induced when stimulation to the strong pathway (94 Ϯ 4% of baseline; n ϭ 6; p ϭ 0.34; paired t test) (Fig. 3A) or to the weak pathway (101 Ϯ 6% of baseline; n ϭ 6; p ϭ 0.9; paired t test) ( Fig.  3B ) was turned off during the pairing protocol. Second, when paired pulses with an interval of 10 msec were delivered to the weak pathway 100 times at 6 sec intervals, no LTP was induced; instead, a small, but significant, long-term depression (LTD) was seen (62 Ϯ 7% of baseline; n ϭ 6; p ϭ 0.003; paired t test) (Fig.  3C) . Third, the fEPSP elicited with weak stimulation was too small to achieve synaptic cooperation for the induction of homosynaptic LTP, because three epochs of theta burst stimulation (each epoch consisting of 10 trains of bursts at 5 Hz and each burst containing four pulses at 100 Hz) given every 30 sec to the weak pathway also failed to produce LTP (95 Ϯ 4% of the baseline; n ϭ 6; p ϭ 0.34; paired t test) (Fig. 3D ). In addition, we did not find any correlation between the magnitude of the LTP and the slope of the fEPSP elicited by strong stimulation (r ϭ Ϫ0.33; p ϭ 0.33) (Fig. 2 B) . In most cases, there were spikes riding on the fEPSP elicited by strong stimulation, but, again, we did not find any correlation between the magnitude of the LTP and the number of spikes elicited by strong stimulation (r ϭ Ϫ0.48; p ϭ 0.56) (Fig. 2C) . The results of the above control experiments confirm that the LTP induced by the present pairing protocols is associative.
When 50 M D,L-APV was included in the perfusion solution, the LTP induced by the pairing protocols using a 3 or 10 msec interval fell, respectively, to 106 Ϯ 6% (n ϭ 4; p ϭ 0.41; paired t test) or 104 Ϯ 7% (n ϭ 4; p ϭ 0.59; paired t test) of baseline. Because the results obtained using the 3 or 10 msec intervals were similar, the pooled results are shown in Figure 4 . These results show that the associative LTP induced in the present study was NMDA receptor dependent.
Activation of ␤-adrenergic receptors increases the window of the interval for LTP induction but does not effect the maximal magnitude of the LTP
The LTP induced by the pairing protocol with a 10 msec delay interval was not affected by addition of 1 M isoproterenol (Iso) to the perfusion solution throughout the experiment (LTP in the presence of Iso, 177 Ϯ 16% of baseline; n ϭ 6; p ϭ 0.11; paired t test) (Fig. 5A) . However, the magnitude of the LTP induced with a 15 msec interval was markedly increased in the presence of Iso (LTP, 201 Ϯ 33% of baseline; n ϭ 6; p ϭ 0.01; paired t test) (Fig.  5B ). Using a 23 msec interval, Iso had no effect (LTP, 102 Ϯ 18% of baseline; n ϭ 6; p ϭ 0.61; paired t test) (Fig. 5C ). Figure 5D summarizes the results for this series of experiments. As can be seen, application of 1 M Iso throughout recording enhanced the associative LTP by increasing the width of the window for the interval between weak and strong stimulation by ϳ50%, i.e., from ϳ3-10 msec in the control to ϳ3-15 msec in the presence of Iso. Nevertheless, application of 1 M Iso did not affect the maximal magnitude of the LTP, i.e., it did not affect the LTP induced by the pairing protocol with a 10 msec interval ( p ϭ 0.11; ANOVA test) (Fig. 5D) , and, although it increased the mag- Figure 2 . A, Summarized results for the LTP induced by the pairing protocol with different time intervals between stimulation of the weak and strong pathways, with weak leading strong in every case. For LTP to be successfully induced, the interval between the weak and strong pathways had to be within the window marked by the dotted square. The LTPs induced by the pairing protocol using intervals of 23 and 40 msec were, respectively, 96 Ϯ 7% (n ϭ 6) and 97 Ϯ 6% (n ϭ 6) of baselines. B, Relationship between the LTP induced using different intervals and the corresponding normalized mean slope of the fEPSP for the strong pathway; no significant correlation was found (solid line; r ϭ Ϫ0.48; p ϭ 0.33). C, Relationship between the LTP induced using different intervals and the corresponding mean number of postsynaptic spikes of the strong pathway; no significant correlation was found (solid line; r ϭ Ϫ0.3; p ϭ 0.556). The data in the dotted squares are those using intervals of 3 and 10 msec.
nitude of the LTP induced with a 15 msec interval, the final magnitude was no greater than that seen using a 10 msec interval in the absence of Iso.
We repeated the experiments using whole-cell recording to confirm these observations. As shown in Figure 6 A, the synaptic strength was enhanced when the EPSP was paired with a postsynaptic spike when the EPSP preceded by 7 msec (Fig. 6 Aa), but not when the interval was increased to 35 msec ( 
where F(⌬t) is the synaptic potentiation induced by the pairing protocol with an EPSP-spike interval ⌬t, A is the scaling factor, and is the time constant. determines the range of the EPSP-spike interval over which synaptic potentiation occurs, and A determines the maximal amount of synaptic potentiation (Song et al., 2000) . The estimated values of A and were 164% of baseline and 13.3 msec, respectively. To examine the role of ␤-adrenergic receptors, recording configuration was kept in cell-attach mode when a seal was obtained and 1 M Iso was bath applied for 5 min to achieve a stable concentration in the slice, then the seal was interrupted for whole-cell recording, and the experiment was performed as in control conditions. As shown in Figure 6 B, the synaptic strength was enhanced when the EPSP was paired with a postsynaptic spike, with the EPSP leading by 10 and 35 msec (Fig. 6 Ba,Bb) but not when the interval was increased to 55 msec (Fig. 6 Bc) . The summarized results from experiments with different values of ⌬t during pairing are shown in Figure 6C -E. In the presence of Iso, the LTP induced by the pairing protocol with ⌬t Յ 20 msec and when 20 Ͻ ⌬t Յ 40 msec was, respectively, 182 Ϯ 26% (n ϭ 9; p ϭ 0.012; paired t test) (Fig.  6C , open circles) and 171 Ϯ 26% (n ϭ 10; p ϭ 0.019; paired t test) (Fig. 6 D, open circles) of baseline, whereas no LTP was induced with ⌬t Ͼ 40 msec (LTP, 108 Ϯ 9%; n ϭ 9; p ϭ 0.35; paired t test) (Fig. 6 E, open circles) . The relationship between ⌬t and the resultant change in synaptic strength for all experiments was plotted ( Fig. 6 F, open circles) , and the values of A and were estimated as 167% of baseline and 23.7 msec, respectively (Fig. 6 F,  dotted curve) . These results were consistent with the finding us- ing field potential recording; thus, in the following experiments, the field potential recording technique was adopted.
Isoproterenol enhanced LTP by activation of ␤-adrenergic receptors, because the effect was completely blocked by application of 50 M timolol, a ␤-adrenergic receptor antagonist (LTP, 103 Ϯ 9% of baseline; n ϭ 9; p ϭ 0.72; paired t test) (Fig. 7A) . We also tested whether endogenous norepinephrine was involved in the induction of the associative LTP by testing the effect of 50 M timolol on the LTP induced by the pairing protocol using a 10 msec interval and found that it had no effect ( Fig. 7B) ( p ϭ 0.3 ; ANOVA test). We also tested LTP induction in slices from animals in which the adrenergic innervation was eliminated by subcutaneous injection of 6-hydroxy-dopamine (6-OHDA) (10 mg/kg bodyweight) once per day for 4 d, starting at birth, with testing being performed at postnatal days 25-35 (Yang et al., 2002a) . Figure 7C , which summarizes the results for four slices, shows that the LTP induced by the pairing protocol with a 10 msec interval (193 Ϯ 38% of baseline; n ϭ 4) was no different from that induced by the same pairing protocol in normal slices ( p ϭ 0.62; ANOVA test).
Protein kinase A and mitogen activated protein kinase are involved in the enhancement of the associative LTP by ␤-adrenergic receptor activation Activation of ␤-adrenergic receptors raises the concentration of cAMP in the cytoplasm, and c-AMP then activates protein kinase A (PKA). We therefore tested the effect of pretreatment of slices with H-89, a membrane-permeating PKA blocker, on the enhancement of LTP caused by ␤-adrenergic receptor activation. Because the most dramatic effect of Iso on the LTP was induced using the pairing protocol with a 15 msec interval using field potential recording, this protocol was used. Figure 8 A shows the summarized results for seven experiments. As can be seen, in slices preincubated for 2 hr at 35°C with 1 M H-89, no LTP could be induced using the pairing protocol with a 15 msec interval and 1 M Iso (LTP, 112 Ϯ 12% of baseline; p ϭ 0.34; paired t test). Because several studies have shown that mitogen-activated protein kinase (MAP kinase), a protein kinase family acting downstream of PKA, is involved in the induction and maintenance of tetanus-induced LTP at synapses in many CNS regions (Liu et al., 1999; Huang et al., 2000; Watabe et al., 2000; Giovannini et al., 2001) , we tested the effect of membrane-permeating MAP kinase blockers. The broad-spectrum MAP kinase blocker PD98059 and the extracellular signal-regulated kinase (ERK) -specific blocker U0126 were used. When slices were preincubated for 2 hr at 35°C with PD98059 (50 M) or U0126 (50 M), no LTP was induced using the pairing protocol with a 15 msec interval and application of 1 M Iso [PD98059: LTP, 100 Ϯ 8% of baseline, n ϭ 7, p ϭ 0.9, paired t test ( Fig. 8 B) ; U0126: LTP, 98 Ϯ 3% of baseline, n ϭ 6, p ϭ 0.9, paired t test (Fig. 8C)] . The above results suggest that the associative LTP was enhanced by activation of ␤-adrenergic receptors through activation of PKA, which, in turn, activated ERK kinase. We next asked whether this signaling pathway was also involved in the associative LTP induced by the pairing protocol alone. Figure 8 D summarizes the results from seven experiments; as can be seen, no LTP was induced in H-89-pretreated slices by the pairing protocol with a 10 msec interval (LTP, 96 Ϯ 4% of baseline; n ϭ 6; p ϭ 0.45; paired t test). Similar results were obtained in slices pretreated with PD98059 (LTP, 100 Ϯ 5% baseline; n ϭ 6; p ϭ 0.9; paired t test) (Fig. 8 E) or with U0126 (LTP, 97 Ϯ 4% baseline; n ϭ 5; p ϭ 0.31; paired t test) (Fig. 8 F) . These Figure 5 . Enhancement of the associative LTP by stimulation of ␤-adrenergic receptors: field potential recording. A, Application of 1 M Iso had no significant effect on the LTP induced using the pairing protocol with a 10 msec interval. B, Application of Iso resulted in an LTP induced using the pairing protocol with a 15 msec interval, which did not induce LTP under control conditions. C, Application of Iso had no significant effect when the interval was increased to 23 msec. D, Summarized results for A-C and those using a 30 msec interval (LTP, 101 Ϯ 7% of baseline; n ϭ 6). In all of the plots, the open circles are results in the presence of 1 M Iso, and the filled circles indicate data obtained from control experiments (i.e., results shown in Figs. 1  and 2 ). There was no significant difference in the LTP induced in control and Iso experiments, except for that using the 15 msec interval (one-way ANOVA test). Insets in A-C are superimpositions of data traces of Iso experiments. Traces were averaged over 10 sweeps recorded immediately before and 25 min after the end of the pairing protocol. Con, Control.
results suggest that induction of the NMDA receptor-dependent associative LTP involves the PKA-ERK kinase signaling pathway.
Discussion
In this study, we induced an NMDA receptor-dependent associative LTP at a weak Schaffer collateral input onto hippocampus CA1 pyramidal neurons by pairing it with a separate strong Schaffer collateral input. For an LTP to be induced, the interval between the weak and strong inputs had to be within a time window of 10 msec. Activation of ␤-adrenergic receptors enhanced LTP by increasing the width of the time window to ϳ15 msec but did not affect the maximal magnitude of the LTP. PKA and ERK/MAP kinase were involved in the signaling pathway downstream of ␤-adrenergic receptor activation and were also involved in the induction of LTP under normal conditions.
Associative LTP at CA1 synapses
Associative LTP induced by conjunction of presynaptic and postsynaptic activity has been reported in many CNS synapses. For example, temporal order stimulation applied to the testing and conditioning pathways induces associative LTP in the hippocampus in vivo (Levy and Steward, 1983) and in piriform cortex slices (Kanter and Haberly, 1993) . Backpropagating action potentials initiated in the postsynaptic neuron by current injection at somata, together with presynaptic stimulation, result in long-term synaptic modification at CA1 synapses (Magee and Johnston, 1997; Markram et al., 1997) , at synapses in slices of the barrel cortex (Feldman, 2000) , and in hippocampal cultures (Bi and Poo, 1998; Debanne et al., 1998) . Furthermore, the timing requirement for induction of associative LTP-LTD has been fully described for synapses in hippocampal cultures (Bi and Poo, 1998; Debanne et al., 1998) and slices of the rat barrel cortex (Feldman, 2000) and visual cortex (Froemke and Dan, 2002) . Bi and Poo (1998) reported that, at synapses in hippocampal cultures, LTP is induced by a pairing protocol with intervals up to 20 msec if the EPSP leads the postsynaptic spike, and LTD is induced in the same interval time window if the spike leads the EPSP. For other synapses, a similar, short (ϳ20 msec) window has been reported for LTP induction, but a markedly larger window (up to ϳ100 msec) is suggested for LTD induction (Debanne et al., 1998; Feldman, 2000) (but see Froemke and Dan, 2002) . The present results suggest that a window of ϳ10 msec is required for LTP induction at CA1 synapses in hippocampal slices using field potential recording, whereas a window of ϳ20 msec is required using wholecell recording. The results of whole-cell experiments are therefore in agreement with previous reports, but the time window estimated using field potential recording is considerably narrower. This is pos- sibly attributable to the fact that LTP of the weak pathway is induced by conjunction of the weak fEPSP and the postsynaptic spikes evoked by strong pathway stimulation. This is supported by the fact that the mean latency between the stimulation artifact and the first spike is 7.3 Ϯ 0.4 msec. It may also simply be attributable to the use of different recording techniques and pairing strategy.
Role of ␤-adrenergic receptors
Activation of ␤-adrenergic receptors has a significant effect on synaptic plasticity at hippocampal CA1 synapses (Katsuki et al., 1997; Yang et al., 2002a) , mossy fiber synapses (Huang and Kandel, 1996) , perforant synapses of the dentate gyrus (Stanton and Sarvey, 1985) , and visual cortex synapses (Kirkwood et al., 1999) . As regards homosynaptic plasticity, Katsuki et al. (1997) reported that activation of ␤-receptors has no effect on the LTP induced by theta burst stimulation at 100 Hz; however, it is reported to enhance the effect of conditioning stimulation at 10 Hz to induce LTP (Yang et al., 2002a) . In other words, activation of ␤-adrenergic receptors enhances synaptic plasticity induced by conditioning stimulation of moderate strength (e.g., 10 Hz stimulation; Katsuki et al., 1997) which produces a total postsynaptic response near the modulation threshold (m; Bienenstock et al., 1982; Bear, 1996; Bear and Kirkwood, 1996) , but does not affect the LTP induced by high-frequency stimulation, which produces a total postsynaptic response exceeding the m. The m is defined as the value at which synaptic efficacy is increased if the total postsynaptic response during conditioning stimulation is greater than the m, but it is depressed if it is greater than zero but less than the m. This concept was originally proposed to explain homosynaptic plasticity, but recent evidence suggests that it can also be applied to associative synaptic plasticity (Abraham et al., 2001 ). The present results suggest a similar role for ␤-adrenergic receptors in modulating associative LTP. A pairing protocol with a delay interval just a little longer than the time window might produce a total postsynaptic response that is close to, but not enough to reach, the threshold for LTP induction. However, with the simultaneous activation of ␤-adrenergic receptors, the signaling cascades activated by ␤-adrenergic receptors might be able to cooperate to raise the levels of cytosolic molecules required for LTP induction to a point at which LTP can be induced. On the other hand, LTP induced by a pairing protocol with an interval less than the time window would itself be sufficient to raise the levels of cytosolic molecules to those required for LTP induction; therefore, the effect of ␤-adrenergic receptor activation would be limited.
The results of this study suggest that the endogenous adrenergic system does not have a significant effect on associative LTP in slice preparations because application of timolol did not affect the LTP induced by the pairing protocol with a 10 msec interval (field potential recording), and this pairing protocol could successfully induce LTP in slices taken from 6-OHDA-treated animals (Yang et al., 2002a) . Using the same animal model, we reported that endogenous catacholamines may play an important role in modulating homosynaptic LTP but not LTD (Yang et al., 2002a) . We proposed that large amounts of norepinephrine or dopamine were released after high-frequency tetanus stimulation and participated in the regulation of LTP induction via ␤-adrenergic or D 1 /D 5 receptors. LTP induction was therefore impaired in slices lacking adrenergic or dopaminergic innervation. However, only a limited number of adrenergic or dopaminergic fibers are recruited during prolonged lowfrequency stimulation for LTD induction, and the LTD is therefore less affected by elimination of the catecholamine system. On the basis of these arguments, it is not surprising that the endogenous effect of the adrenergic system on associative LTP was not significant, because stimuli were delivered at low frequency during the pairing protocol. The hippocampus receives adrenergic innervation mainly from the locus ceruleus in the midbrain (Aston-Jones et al., 1993) . Although our results rule out a role of the endogenous adrenergic system in modulating associative LTP, the present results suggest that the chances of success in inducing LTP would be increased if locus ceruleus neurons were simultaneously activated.
Molecular mechanisms
The upstream molecular mechanisms underlying the induction of LTP at CA1 synapses are well known (for review, see Roberson et al., 1996) . Evidence from recent studies suggests that, in addition to NMDA receptor activation, an increase in cAMP levels and a subsequent increase in PKA activity in the cytoplasm of postsynaptic neurons are required for LTP induction (Chetaovich and Sweatt, 1993; Makhinson et al., 1999; Otmakhova et al., 2000) . Activation of NMDA receptors could result in an increase in the cAMP concentration and PKA activity via activation of adenylyl cyclase types I and VIII (Cooper et al., 1995) . These types of adenylyl cyclase can be activated either directly or indirectly via calcium/calmodulin-dependent kinase (Wong et al., 1999) by calcium influx through NMDA receptors and are present at high levels in the hippocampus (Cooper et al., 1995) . Recently, it has become clear that MAP kinase is directly involved in the regulation of synaptic plasticity in the CNS (for review, see Impey et al., 1999) , including LTP (Liu et al., 1999; Huang et al., 2000; Watabe et al., 2000; Giovannini et al., 2001) . In most of these studies, LTP was induced by tetanus stimulation, but the present results provide evidence that the induction of an associative LTP may have similar molecular mechanisms, because the induction of LTP using the pairing protocol with a 10 msec interval was NMDA receptor dependent and was blocked in slices in which PKA or MAP kinase activity was inhibited. Bi and Poo (1998) proposed that activation of downstream effector molecules could potentially change the time window of synaptic modification. Consistent with this suggestion, our results demonstrated that activation of ␤-adrenergic receptors facilitated the activation of downstream effector molecules (e.g., PKA and MAP kinase) required for LTP induction and therefore increased the time window for synaptic modification. On the other hand, it has been established that ␤-adrenergic receptor agonists promote LTP by increasing excitability (Thomas et al., 1996; Watabe et al., 2000) , and Iso might therefore have promoted associative LTP simply by increasing the excitability. However, increased excitability alone does not completely fit the observations of the present study. First, the field potential recording results were confirmed by those obtained using whole-cell recording. This technique allows the experimenter to control the membrane potential at a desired range and evoke a single spike during pairing in different experimental conditions, thus limiting the effect of membrane excitability. Second, in the experiments shown in Figure 5 , the slices was allowed to equilibrate in Isocontaining ACSF before commencement of recording, and attention was paid to eliciting synaptic responses similar to those elicited under control conditions. The mean slope of the field response evoked at the strong pathway in Figure 5 was 107 Ϯ 12% of that in Figure 1 ( p ϭ 0.68) , and the mean number of spikes was 3.7 Ϯ 0.3 versus 3.9 Ϯ 0.3 (Fig. 1 vs Fig. 5) ( p ϭ 0.54) , whereas the mean slope of the field response evoked at the weak pathway was PD98059 ( B) , or U0126 (C ); for comparison, the results of similar experiments performed using untreated slices (i.e., the data shown in Fig. 5B ) are superimposed and shown as a solid line (mean) Ϯ dotted lines (SE). D-F, The LTP induced by the pairing protocol with a 10 msec delay interval was also blocked in slices pretreated with H-89 (D), PD98059 (E ), or U0126 (F ); for comparison, the results of similar experiments performed in untreated slices (i.e., the data shown in Fig. 1 B) are superimposed and shown as a solid line (mean) Ϯ dotted lines (SE). The insets in A-F are superimpositions of raw data traces averaged over 10 sweeps recorded immediately before and 25 min after the end of the pairing protocol.
101 Ϯ 5% of that in Figure 1 ( p ϭ 0.63) . In addition, a recent study has shown that it is the timing of the first spike, and not the number of spikes, that plays a crucial role in determining the sign and magnitude of synaptic modification when an EPSP is paired with a burst of action potentials (Froemke and Dan, 2002) . All of these facts suggest that an increase in excitability alone could not completely account for the enhancing effect of Iso on the associative LTP.
In conclusion, the present results show that the induction of an associative LTP requires the PKA-ERK/MAP kinase signaling cascade, as does induction of an homosynaptic LTP, and that simultaneous activation of ␤-adrenergic receptors during LTP induction can enhance LTP by increasing the time window of synaptic modification but not the maximal magnitude of the LTP.
